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Carl H. Lilateit ana hranola 3. 3t«|Ka 
National Aaronautiot aiiJ E[kc« AilKlnlilratlun 


Lawla h«i 

At»i£S^ 

Caraalc thamai -tarrlar coatln^i on hut aia^lna 
parts hava tha potantlal to raiuca oatal tenpara- 
turaa, coolant raqulraranti, coat, ana coaiplaxlty 
of tha .-oollne configuration. anJ to Incraaaa Ufa, 
turblna afflclai.cy anvl gaa tar;aratura. Coating 
ayateaa conalitlng of a (laana-aprayad layar of 
alrconla atabllizad with althar yttrla, aagnaala or 
calcia ovar a thin alloy bona c.^t hava baan ia> 
valopad, thalr potantlal analyzaa and thair aura* 
blllty and banafita evaluatad In a turbojat angina, 
rha coatings on alr*cools i rotating bladas wars In 
good condition aftar coapleting as many as bOO two- 
minuta cyclas of angina operation batwean full 
powar at a gaa tanparatura of lf<44 K and flanaout, 
or as much as 150 hours of staadystats operation 
on cooled vanas and blades at gas teaparaturas as 
high as irss K with 35 start ana stop cyclas. On 
tha basis of durability and processing cost, tha 
yttria-stablllzad xlrconla was coosldaraa *'i» bast 
of tha three coatings investlgatad. 

Introduction 

hacant work (1973) with cooled rockat anginas 
operating at high gas temparaturas and heat 
fluxas'^X shows that ceramic coatings are good heat 
insulators ana can withstand large temparatura dlf* 
ferancas through tha coating thickness. In much 
aarllar work (1953) ceramic coatings ware tried as 
a means for reducing the nctal temperature of uii* 
cooled turblna bladas In a turbojet ‘nglne during 
transient operation'^). Ihesa usas „f haat*barrler 
coatings, howavar, ware for short time periods of a 
minute or less. Also In 1953, techniques resembl- 
ing enasMling or glazing ware used for coating ce- 
ramics onto air-cooled turbine blades, and steady- 
state durability tests In a Jet engine were con- 
ducted on these coatlngs(S). Tha engine tests 
reported In references 2 and 3, however, were made 
at relatively low turblna Inlet temperatures and 
heat flu.<as. 

The operating conditions of current and future 
gas turbine engines - long-time steady-state opera- 
tion at hl^ pressure, temperature, heat flux and 
stress levels - Imrose more ss'/ara strains on the 
coating. Also, the coating may have to withstand 
several thousand hours of cyclic engine operation 
to gas temperatures as high as 2200 K without 
cracking, spalling or eroding. In addition, to be 
useful, the airfoil ceramic coating should have a 
low thermal conductivity and a low density and must 
not degrade turbine aerodynamic performance. Sta- 
bilized zlrconia appears to have many of the de- 
sirad properties. 

The purposes of this report are to summarize 
the work conducted to (1) oamonstrate the Insula- 
tion capability of stabllizad zlrconia In steady- 
state engine operation and compare the experimental 
results with analysis, (2) analyze the potential 
benefits of using coatings for air-cooled turbines, 
(3) evaluate aerodynasiic performance of coated air- 
foils, (4) evaluate the durability of the coatings 
on turbine vanes and blades in steady-state and cy- 
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die engine oieratlon atid (5) evaluate the rela'lva 
material an i rricesslng costs for several .oatln.'s. 

The results Include comparisons of nsssured and 
calculated vane metal temperatures with and without 
thermal -barrier oatlngs at steady-state engltm con- 
ditlons over a range jT coolant-to-gas flow ratios, 
riie potential benefits to be achle'/ed by usln>- a 
therTotl-tarrler oatin/ aie presented in terms of 
-oolant flow and metal temperature reduction for 
toth an advanced core en,^lne turbine and a turbine 
In an existing research engine. A simple steady- 
state one-dimensional tieat transfer analysis was 
used on cosiposlte walls that consisted of a sietal 
wall, an alloy bond coat and variou.i thicknesses of 
zlrconia coating. The gas tei.peratures and pres- 
sures for the analysis were taken at 1744 and 2200 K 
and 3 and 40 atmospheres, respectively. The aero- 
dynamic results ars p.resentel In terms of kinetic 
enerpff loss coefficients and were obtainsd by pres- 
sure and angle surveys made in a two-dlsiencional, 
cold-air 'cascade. The coating durability was eval- 
uated In t)e turtlre of a research engine at stea ty- 
stata and cyclic conditions and tha rssults ars 
piresented In terms of the coating condition as de- 
termined by visual and aetallogra'hl^ e;.anlnat ions. 
The mexlmis gas tsmperature and pressure condition 
for the engine tests was 1C44 K and 3,0 atmospheres, 
respectively. 

Aiiaratus and IToceaure 

An air-cooled turbine blade covered with a 
ceramic thermal barrier coating is shown In fig- 
ure 1. The prooadure used for depoalting the 
ceramic coating onto the blade metal substrate was 
to prepare the substrate surface, plarma-spray' on a 
bond coat and then plasma -sp-^ray on the ceraml c 
coctlng. The most current application process Is 
described herein. 

Coating Description and Application Itocesi 

fYlor to coating, all airfoil surfaces and base 
pilatfonas were first grit-blasted with coenercial, 
pure (white) alvsnina. Use of the "white" alumina 
minimized contasilnatlon that might occur with less 
pure grit. The Inlet supply pressure to he equip- 
ment was 70 N/esr, The grit Impingement was nearly 
normal to the surface. The ali^na grit size was 
250 urns and the surface roughness after grlt- 
blastlng wac 6 islcrometers, ms. All airfoils used, 
except for those in the aerodynamic tests, had 
prior usage ana had an alumlnlde coating. Trlt- 
blastlng removed about one-tenth or about 10*^ cen- 
timeter of this coating. 

For the blades to be used In the cyclic tests, 
a bond coat of NiCrAlY (Nl-16Cr-f<Al-0.5Y) was 
sprayed onto the substrate to a thickness of 0.010 
M.005 centimeter. The piarticle size of the bond 
powders fed Into the plasma spray was 74 to 
44 affls. The measured roughness of the bond coat 
was 5 microoaeters, rms. 

Within 30 minutes after bond coat appxllcatlon, 
stabilized zlrconia was apiplled to a thickness of 
O.OSaoO.OOe centimeter. Thirty-one blades were 
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pr«{«r«il with U. woli^tt ptrctiX of yttrla* 
■tablllMd r.lrcjnla, 15 with i.V walt^t parcant jf 
aa«Ji««i»>ftabillied zlrconia and 39 with 6 weight 
peroant calcla-statlllzad zlrconla. Tha yttrla* 
and na^TMSla-ttahlil.tad tlrconla particle alza wa« 
74 to 44 wn and the calcia-atahlllr.ad tlrconla pow* 
dar flza waa 10& ua to 10 nlcrona. Ilia roughncaa 
of tha applied caranlo coatlngi wat 8 to 10 nbToei* 
ateri, nu. Tha lubitrate taaperature did not 
ax '«ad 4L'0 K during tha plaaaa-tpray oiaratlon*. 

The bond and oaranic coating* were built up to 
the dailrea thlcluia** by a lucjemton of (pray 
pa**e* In the ipan-wlaa and chord-visa direction* 
on the airfoil*. Tha coating* ware first applied 
to tha blade laadlng-adge, than to tha tralllng- 
adga and finally to tha pressure and suction sur- 
faces. In this way overlapping coating saaoi: ware 
Joined on the flatter surfaces. This was ln)<ortant 
because furnace tests of tha coating have sho:«n 
that saasui along saall radii such as the laadlng- 
and tralllng-adgas can lead to coating cracking. 

Tha coated surface area on each blade was 110 
square cantlDSters. The coating thickness was 
measured during the coating process by checking the 
overall thickness of the airfoil at points at the 
ald-spa:i and sild-chord. The neasuienenls were naue 
with mlcrcoater calipers. The powder needed to 
coat a blade was 113 grasis for tha yttrla- 
stablllzad zlrconla, ZSb grams for the oagnesla- 
stablllzad zlrconla, and 56 grams for tha calcla- 
stablllzad zlrconla. Tha plasma-spray gun was held 
nearly perpendicular to tha surface at distances of 
15 and 10 cantijDstar* for bond and ceranio coat 
applications, respectively. Tha processing time 
for a blade with yttrla-, magriasla-, or calcia- 
stablllzed zlrconla waa about 20, 35, and IS min- 
utes, respectively. 

For the vanes used In the aerodynasilc basts, a 
bond coat of nlchrome (80Nl-20Cr) waa used and 
covered with zirconium orthosilicate. For tha 
vanes and blades used In the steady-state durabil- 
ity and Insulating capability tests, a bond coat of 
nli'hrona of a noeilnal thickness of 0.010 centimeter 
was used and covered wltn calcla-stablUzed zlr- 
conia applied to a nominal thickness of 0,028 cen- 
timeter. 

coating, bculoment 

Coesaercial grlt-blaatlng equiisnant was used to 
clean and rougiien the vans and blade surfaces. In 
figure Z, a hand-hald plasma -spray gun Is used to 
apply pm^ters of bond and ceramic materials. In 
the gun'*) an electric arc is contained within a 
water-coolad nozzle. Argon gas passes through the 
arc and la excited to temperatures of about 
17 000 K. The bond and ceramic powders were me- 
chamlcally fed into the nozzle and were almost 
Instantaneously meltad. 

Test Eoulfent and Procedure 

syrTilYimri tests . - Solli. core-vanes 
were tested in a simple two-dimensional cascade 
tunnel described In reference S, This cascada 
tunnel has 10 vanes. Uncoated, rough-coated and 
smooth-coated vanes were tested. Only one coated 
vane was used. This single coated vane was In- 
serted In place of one of the uncoated vanes near 
the center of the ten-vane cascade. 


In operation, cold atskosptisrlc ulr was drawn 
through tite cascada turjiel, tne .anas aiid tiie ex- 
haust control valve Into tlic laboratory eAbiaust 
system, Tha aerodynamic tarformai.ca of all three 
configuration* was datenslned In tanas of kinetic 
enartv 1.04* coefficient over a ran.a of pressure 
ratios corresponding to Meal exit critical velocity 
ratios of about O.f to 0,'Jb usln.: pressure aiid flow- 
angle cuidsay raxet'. 

bui-lna tests . - An axlstln.: research turbojet 
angit« BK>diriad to Invastlgata air-cooled turbine 
vane and blade confl>*uratlona was used to evaluate 
the Insulating capability and durability of um 
coating*. Tha vane and blade yi^s were ma.ie frcis 
cast HAi<-y-S02 and :ast b-laOo(' ), resra.-tlvely. 

The turbine vanes bau Implngament-cooled and chord- 
wise finned leadlng-aigas, Implngement-coolai pres- 
sure and suction-surfaces and convention- and film- 
cooled trailing edges. The blade was convectlon- 
coolad with air flowing radially outward from hut- 
to-tlp over Internal span-wise fins, iha turti.-m 
wbieel diametar was 81.8 cantlmetars and ttia blade 
length was 10.5 cantlswters. Jnstnsner.tatlan wrs 
provided for maasurements of turbine Inlet gas tam- 
paratures and gas prassure, l\i*l 'air ratio, vane 
and blade coollng-alr Inlat temperature and flow 
rate, vane and blade average metal walu. temperature 
and blade tralllng-adge .-aramlc coating tempera- 
ture. The thermocouples ware mounted halfway into 
the metal wall thickness to measure tha average 
wall temperature, imtalls of the thermocouple in- 
stallation are deacv-lbad in reference 7. 

Steady-state durability testa; Prior to thar- 
mal Insulation testing, tha coolant-flow to each of 
fi'/a test vanes was smasured In a bench-test at 
roan temiwirature over a rang* of inlet preasui'as. 

The flow-rates t/etwaan vanas w-r* found to be uni- 
form to within 2 parcant. Two of these five vanes 
were coated. On* of the coated vanes and one of 
tha uncoatad vanes was Instrutasnted with a Chrcnel- 
Alumol thermocouple at tha sdd-spcm of the leading- 
edge, These two vanes along with the three other 
vanes were fitted Into a setjnent of tha engine vane 
ring whare the coolant -flow to the vane group could 
be Independently controlled and measurad. The en- 
gine was operated at a turbine inlat gas tampera- 
ture of 1C44 K, a gas prassur>< of 3 atmospheres and 
coolant -to-gas ilow ratios of about 0.045 to 0.11. 

Steady-state durability of the coating on 
vanes and blades in the engine was evaluated as 
pxurt of another research test. The operating con- 
ditions and number of starts and shutdowns were, as 
a conaaquence, partially Influenced by the other 
test. The coated va.n*s and blades were usually 
operated at turbine Inlet gas teeperaturas of 13f7 
to 1644 K and a gas pressure of 3 atmospheres. The 
resulting coated vane and blade leading-edge metal 
temperatures generally did not exceed 920 K. On 
several occasions, hot starts resulted in transient 
metal temperatures of 1200 K. 

Cyclic durability tests; Thermal -barrier 
coatings were applied to 83 blaies of the type Just 
discussed. All but six had been previously oper- 
ated in the engine for 200 to 500 hours. About 10 
percent of the blades were dented at tha leading- 
edge tips because of foreign object damage. 

Control of the desired cyclic conditions was 
accomplished primarily bt controlling the combustor 
'■'.•el (A3TM A-1) supply. Adjustment* were made for 
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thli oontrol iyi-t«K lo that naxlBUB turtliia liUat 
taff.(«ratur« atu ;rasiur« vara aaintatna i at about 
lf'44 K an4 ! ataofpherai, raapactivaly. Thesa max- 
laiat. taa.aratura and ;iratfura condition! will ba 
callad "full powar." At full powar condition tha 
rotor (paad wa« B900 rpa. Aftar about 70 lacandi 
at thasa condition! turbltia inlat taaparatura and 
apaad wera raducad to about 1000 K and *J0C rpn in 
about 20 lacond! by raducln« and than ihutting off 
tha rual lupply. Thii condition ii daii^tad 
"flaMout." i\Ml waa auppllad and raignitad and 
tba angina raachad naxiauB powar condition in about 
X lacondi. Coolin^-alr flow wac adjuated to limit 
tha laadln£- and tralllna-adtia natal wall tanpara- 
turaa to about 1200 K at tha oaxiann tanperatura 
condition. Ixiring flaaauut tha natal wall taapara* 
turaa raachad about 600 K. Othar oatalla of tha 
procadura for autoc&atlc cycling and fual tlow con> 
trol ara daacribad in datail In retaranca 8, 

A total of boo two-Bliiuta cyclaa wara run. 

Tba angina waa atoppad for viaual inapactlon of tha 
coating at 100, 300, and 500 cyclaa, Tha cycla 
duration waa 2 ailnutaa. Savanty-four bladaa ware 
taatad in tha angina at any ona tine. After 100 
cyclaa, eight tladaa wara removed from tha wliaal 
for detrxlad axamlnatlon and raferance purpoaaa, 
Aftar tamination of taata at bOO cyclaa, ona of 
each of tha throe different typea of atablliaed 
coated bladaa which had bean run for tha tUU dura* 
tion of the taata waa aectlonad and tha coating and 
blade mlcroatructura waa examined at ttia ndd*apan, 
laadlng-adga region with light optical photomicro* 
graph.!, at IbOx, Tba microstructure of one un- 
tested ytti ia-stabllized zlrconia coated blade was 
also examined. Tlia ceramic coating thicknaas and 
roughnasa waa also obtained on one of each of the 
thrae dlflerant ttabllized coated blades which had 
baen tested for LOO cycles. The ceramic coating 
thicknasa waa neasured aftar It was purposely 
spalled from tha surface. This was done by exceed- 
ing the allowable interface temperature of 1376 K 
by haatlnt. the blade In a furnace to 1600 K and 
then Instantly cooling It by pljngl. g It into water 
at a temperature of 300 K. 

Ihercal Barrier 'oating Analvslg 

A simple one -dimensional ateady-stata heat 
balance through a composite wall was „sed to evalu- 
ate tiia potential benefits of using a ceramic coat- 
ing as a thermal -barrier for Impingement -cooled 
turbine vanes. Thermal radiation was neglactad in 
the analysis. The gas and coolant conditions pre- 
sented In Table I were those of an advanced cure 
engine turbine and those of an existing research 
engine. The former engine was chosen to evaluate 
the benefits of a ceramic thermal insulatihg coat- 
ing on cooled turbines that are subjected to condi- 
tions of high hast flux. The latter engine was 
used to evaluate the benefits of tha coating at 
lower heat flux conditions and to demonstrate the 
insulation capability of tbs stabilized zlrconia. 
The sulk tempe rat ore (integrate’ average tempera- 
ture over the entire vane) vas tie primary 'variable 
used In evaluating the benefits of the coating. 

The average metal wall temperature at the leacl.ig- 
edge region -was also used in canparing prediction 
with experimental data. Further details are given 
in Tables I and II and reference 9, 
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Figure * cmparec raasured and predicted wall 
raetal ter.(«raturcs at tl>e midspan of the leading- 
edge of an uncoated and coated turbirie vane o[«rat- 
ing in the research engine. Tl<e comparison is 
shown over a range of calculate i coolant -t o-gas 
flow ratios from 0,04 to J.li and includes seasure- 
oants at ratios of about 0,04b, O.Of', 0.09, and 
0.11. The results show good a,-reencnt tetween pre- 
diction and neasurenent. The predicted end cmts- 
ored reductions in leading-edge metal tomiwr'.tore 
for the coated vans agreed within 25 K. Ttm re- 
sults sbowe 1 largs redactions in leading -e -a metal 
temperature with ttie 0.02e-centl;dater thick zir- 
donis coating. At a .-onlant-to-gas flow ratio of 
0.06 the metal temperature was reduced by 190 K - 
from 1055 K for the uncoatec vane to 665 K for the 
coated -vane. 

AerodyiJutgo ierforrdu.ce 

Tha klriatic energy loss coefriclent^-^) for ttia 
ttiree test vanes is shown in flgrure 4. The loss 
for the roug^i-’voateo va>« was much larger thai^ the 
1 Es for either the smooth-coate l or im -oeted vane, 
lo the as-sprayed condltloh the ceramic coating had 
a surface roughness averaging about 6 to 10 micron- 
eters. Folishlng with solid alusilmss oxide 
smoothed the -eramlc coating to a surface rou.:nnees 
averaging 1.6 to 3.0 micrometers. This smoothing 
reduced the loss to about one-half of that obtained 
with the rough coating!. The lost for the szootn- 
coatad vane was higher thzn the loss for the un- 
coatad vane. At an ideal exit critical velocity of 
0 6, which is ;>ear design, the kinetic ener,-y loss 
coefficients were 0.062, 0.031, and 0.023 for the 
r jugn-coated, smooth-coated, and uncoatrd vanes, 
respectively. 

Much of the difference In loss between the 
ssroth-coated vane and ttie uncoated vane was at- 
tributed to the difference in tralling'-edge thlck- 
!.ess. The tratllng-edge thickness of tha 'jneoated 
vane was 0,203 eentiaaters and tha ceramic coating 
Increased ttie trsiling-edge thickness to 0.250 cen- 
timatera. The figure also shows a data point for 
a full-coverage film cooled vane(^). Tlie Iocs with 
this vane, though not necessarily am optlmur. aerc- 
dynamlc design. Is greater tlian the rough -coated 
blade. 

benefits of Thermal harrier Coating 

Predicted reductions in bulk turtlne-vsne 
■aatol temperatures and coolar.t-to-gas flow ratios 
with increases in cerazdc coating thtekneas on 
vanes In tha advenced core engine tuzbine and in 
the research engine turbine ore shown in figures 
5(a) and (b), respectl-vely. bulk wall metal tem- 
perature ( integratbd average temperature over 
entlr>. -’are/ was substantially reduced as ceramic 
coating tnicloiess was increased, -^le reductions In 
metal temperature with increasing coating thickness 
■were greeter for the core engine thaci for the re- 
search engine. The reason Is the higher heat 
fluxes associated with tne conditions of the core 
engine. 

The bulk wal_ mstil ter-px-ra' ure of an Impinge- 
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■ant*coQl«il advanced cora turtlna vana could ba ra* 
ducad by aa auch a« 390 K at a coolant 'tO'Kaa flow 
ratio 0.10 whan tha vanaa wara coatad with a O.O&l* 
oantLaatar tblckraaa of zlrconla (rt«. S(a)), Al- 
tamatlvaly, wher. both coolant (low and wail matal 
taaparatura wara allowad to vary, lar<;a raductlona 
In both aatal lasparatura and co^ant flow wara 
pradlotad. Vanni coatad with a O.O&l-canttaatar 
thluknaaa of tlrconla could hava both an alght-fold 
dacraaca In coolant flow and 110 K reduction In 
metal tataperature eenpared to the uncoalad vena. 

The coolant flow waa reduced from 0.100 for an un- 
coatad va:ia to 0.012S for a coatad vane with a 
corraapciulln^ vana aatal taaparatura reduction fron 
1390 to 1280 K, raipactlvaly. 

The daihed portions of the curves In fig* 
lira 5(a) lUur rate a limitation assoclataa with 
using the curran*. ceramic eonposita coatings in 
applications such as the core engine with high gas 
temperature ina rressura. riia limitation is ti'M 
ability of the ceramic coating to aihare to ttia 
bond coating w(«n the lempernture at the interface 
between these two layers exceeds 1367 K. This 
limiting temperature was determined with furnace 
tests described in reference 9. 

As shown Ir. figure 5(a) at the tick marks, 
thicker layers sf the coating were required to give 
acceptable interface tenperaturas (1367 K) as 
coolant *to*5as flow ratio was oacrcased. This is 
because the heat flux will decrease as flow ratio 
is reduced. Beiicin,'’ the heat flux will also re- 
duce the ttiermal ^adlent throu;'h the metal wall. 
This together with tlie constant limiting interface 
temperature rorulted in slightly increased average 
vane metal wall .emperatures (fig, 3(a)). 

Althoui'h ns*, shown in n.-cre 5. salcuiatisns 
indicate large ' ulk) temperature drops through tlie 
coating. The lir^jcst drop of u23 < occurred 
throui’ii a 0.0cl-:ent:*«tcr thick coutin<; on the 
turbine vane of the core engine at a coolant -to-gas 
flow ratio O.IC. At these conditions, the coating 
outer tcm|x.'raturs was 1 j 80 K and the cerar.ic/ tond 
interface tor.pcr.*, ore was 1048 K. The temperature 
drop through tie come coutia’ thiofjicES on tiic tur- 
bine vane of ih. research en.gtne was colculatud to 
be 4bl K at a coolant fltsw ratio of 0.0''. The 
coating outor temperature for this condition was 
1147 K ojid the -raraic/bonJ interface temperature 
was 79C K. Tlie resultinr avera.-e cer&mic coatln.* 
temperature was .'onslderably higher in the core 
engine (lbl4 K) '-han in the research engine 
(972 K) . In I’er.erol, the differences in gas tem- 
perature levels and heat fluxes for the two emrine 
conditions resulted in the temperature gradients 
through the coating on the advanced core engine 
vanes being about 1.7 tims those of the research 
engine. The lar*er temperature graaient, coating 
exterior surface temperature, and ccramlc/boml in- 
terface temperature would impioce more severe 
strains on the coating in the advanced core engine. 

Steady-State l*jalUlty 

The evaluation in engine operation of 0.028- 
centlmeter thick calcia-stablllsed zirconia coating 
on each of the two vanes and blades, showed no evi- 
dence of deterioration after IbO hours at gas tem- 
peratures as high as 1C 44 K and as mar.y as 35 
•tart^and-stop cycxes including 4 hot starts. The 
sieasured leading-edge vane and blade steady-state 


uia , 



I 


I 


metal wall temperatures were generally .>20 r. and 
the transient valuee were sKxaentarily as nigh as 
1200 K. figure 6 shows one of the blades after com- 
pletion of the teste. No deterioration was evident. 

Cyclic lAirabilitY 

Visual inspection of the coating after 100 
cycles of testing in the research turbojet en.’i:.e 
showed that about 90 percent of the blades had x 
metallic colored scuff mark at the tip of the lead- 
ing-edge. Also, about 40 percent of ti.e bla.es as 
a sUnlmal 1-square centimeter chipped area of 
cerasilc in the vicinity of the scuff mart.. .:e 
cause of the chipping was traced to the ir.i.ir..'e'e- 1 
of metallic pieces of ttiereocouple {rotes which 
b:oke during engine transient overt.eatir<’ a>. . e/.- 
cesslve vibration. About half o.' ti.o yttrie- . 
half of the oaicla-stabilized zirecnia coate i 
blades were chipped at the leadin,;-«uge tip, '.ut 
only one of the 13 magnesia-stablli/cd ::ircu;.ia 
coatings showed this damage. Tin rcauon fur tnss 
apparent greater resistance to chipping is ;.ot 
Known. 


The inspection after 100 cycles sko\/ei that 
the yttria-stablUzed zircorda was complotei;. rc- 
sioved from three blades. The cause for '.hi; -ai 
the procedure in processing the f'rst .tt.t :f 
blades. The roughening and cleardn, {rt.-e-j-e a; 
probably not adequate for tne haru, uentc : ar.u 
oxidized surfaces. Also durlni- aprlicatior. of the 
bond coat to the first 'roup of tlajos, '.-rt . .-les 
were obscr/ed to i.-.tcrmitter.tly sp'urt fror .i.e 
plasma gun. This vussaly could 'ilso ii&ve cor.tv.z- 
uteu to the poor coating adherence. Tl.e i.ia.ss 
procested after tl.e first .*xoup •(••re raor'- thor- 
oughly cleared arid ro'i*h.or.od; fresh, lu'.'. rt * . 
use . and more nttcptlon 'was given t''' m; ... r. ; 
grit normal to the iurface w.d /••Ofir. • the i.r 
pressure at or alovv 70 ;i/cn‘ . i-.tter .o.-.trol x. 
also t^alnialned or. the {erfor-wmec f the {lasr..i- 
sproi' feed apparatus. 


At comiletlon of 100 cy-lec, or ht rla.es 
(inclu.iing tlio three blades discus-ou above e.c 
removed I'rom ttio -heel did replaced -'.t.. . w 
stabilized slr' onla coatln.’s jro-'c. so i u.l:. • w 

more .'orisistcnt and carefully controlled cs..tr. 
procedure dovalo|Cd alter the coalir-t: of t..c . ir- 
group of blades, .'yclic todtin.' war tlien .:it.. -i . 
for another ?00 cydes. In-ije 'ti.gi with tie id.- 
aidci eye disclosed no . hxi.'u iii co’ttir> iip-.r- 
once. The tests -were then continue, icr ir. t.’er 
200 cycles and then terminated. I'le thernol bar- 
rier coatings on CC blades (24 with jttrs .. 1.. ■.2*.;. 
magnesia, and 30 with calcia-stopiiir.cd :ir . ir-i'. 
completed 500, 2-minute cycles between full ■o'cr 
and n.aneout 'without external .'Isual evd .en-'e of 
deterioration except for foreign objecl i.ci- e l:.- 
curred during the itrst 100 cycles. 'I'he otr.cr 
6 calcla-stabili.-ed zirconia r-oatim:s corrlobec 
400 cycles of testing and all coated blades, excert 
for Bilnor forolgdi object Jaasu'.e. wore in as oou a 
condition as the blades run durln,: the stoaay-sta*e 
durability tests. Crurin* the full power rortio;. ->f 
the cycle the measured leading cd.^ tlade .metal 
wall temperatures were about 1200 K and ‘.he .-erar.:d 
external surface temperatures were about 13cO .h. 

A trailing ed,:e view of the rotor asse.’-bly of 
the coated blades after conclusion of the cyclic 
tests^^) is shown in figure 7. (The two uncoated 
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potent;^ b«n«rit of r*<iucln< tna r»dlattv« twat 
flux abiorbad by tb* hot parti. 


bladai ihown in tha flKura wars umJ aa mrsrenca 
bladai for othtr tasti. ’ Tha blaok ipota on iha 
blada tips In fliTtire 7 ara loot iapoilti that 
occurred during eniUne shutdown. Tha black li>«i 
along the span nav tha root on tha luctton aurfaca 
wera alio oauaaJ by soot iapoiltlon. 

Deiplta furalrn objact dana^a xhlch cauiad 
alnor chipping at the blada laacing ed|-ei, the 
coatlni'c ware In ary good condition. The chipped 
araaa did not rurthar datariorata and the axpoaad 
bond coat in tha chipped rc»:ionc ra.-nainod intact 
for at least 400 cycles of tasting. Uranic coat* 
log roughnaas iiuature.*'ant'. showed no rou,'hnass 
change over Uit duration of tl« tests. In actual 
usage the rouehi.ass should ba rcoui-cd to isiprova 
the durability and aer O'tynanic perl'orsuuica. 

Tha aicrostructure (fig. 8)^^^ of tha bond 
coat and tha ctraaio coatings was mstallographi sally 
axaBinad on covaral blades at Uia icadin,’ adga 
region where durability probleas are stost likely to 
occur. The ccranic Rlcrostructurc cjnsisted of 
solid material con.necte i with a notword of fine 
voids inters{arsad witli larger volu... Ine photo* 
sdlcrographs (tig. 8) also showed that tha ul'.ssinlde 
that was originally present on al^. of ttiv blades 
tested in the engine i;as not connletely removed ny 
grlt*hlastin.:. Also, the NlCrMT bond adlw.md well 
to this aluBlnide ooat.n.''. ''raci’.j l.n ttie calcla* 
stabilired clrcor.ia coating lesi.ed for :.00 cycles 
were oboer/cd on some of the phot.ir.icrographs 
(fig. 8 ’a)). These cracKS ••cntrally -uere located 
parallel aiul ad,.a:cnt to tlx b xid coat. :r. cone 
cases these cracks petn.-tratcd to <.!« cu'.or surface 
of the coating. The f-irmtion of s-cl. r'lcxs can 
weaxen the coating adJxronce. Tlxse cracks, liow* 
ever, did not cause spclllni. of Uia crxitiiu . 

The aiorostr icture of thr ma.-no;.l i- tablli.xu 
icrconia cxiposltc was -linilar t . the .n i.er os.ixd- 
sl'es or. 1 MX llic'rAlY i.oui vxil u-!)xrel soil to tlx 
alu.*-inidc coat. 

0* ■ cr aidur it j nc 


Control of tlx c»)atlng Uiicknocs uirln,' depo- 
sition of the m.-i.:.ae. la-.:l. l. .1. .C I ,r o>ii i was m .r. 
difficult ail I the (uontlt.. n towdur uSv 1 was about 
Z anil A,-, tines r. ■: ro tl. oi fir the cadc.ii* or 
yttrin-ctabilic.ed -Iroorua, rosjvi-l i /cl> . Also, 
the total I r xesslv.' tli >:' for I lie ii,a tx..!;.- 
statilivc l clrcohia (anout minuti s) wa.c dmost 
twice as Ion.: -is for ciU-Cia- t yttria*ct ablllgini 
zirconia. Jlncc the current vo. i of tlx mni'tieiiia* 
and yttria*.tab Lllrc'i slr oniti i> .U'iirc is about 
twice that of the ;aloi.a*stabiiiuud ircohla, the 
proce.'.slni: cost r«r blalu f.ir the m'i, ixsia* 
stabilized coatin.' is the highest ol the Ume 
coatings investigated herein. Dased on these con- 
siderations :u;d the rocultu of tie cyclic tests, 
the yttrin-stabUlzed zirconia coating was cor.* 
sidcred the test of the three coatings ln/ecti,-atca. 

Thermal radiation heat flux was ixglcctcd to 
simplify the ar'ilysis used herein, '.he elfects ore 
negligible for the low pressure conditions of the 
research engine. However, as gas pressures and 
temperatures increase, the aisorbed radiation heat 
flux increases, particularly when tlx part directly 
views the combustion gases. Tlx higher rct”lcctance 
of the clean zirconia coating, 0.8 compared to 0.2 
for the oxidized metal, prsvlaea the auditlonai 


The higher reflectivity of the coating coul-i 
be pari icularly beneficial for reducin.T the metal 
tempereture of sucn p>arts as combustor ll.aer walli. 
The benefit would be in afUtion to tlx insulating 
effect of tlx coating. Alterrxtlvely, ■*aintainlng 
metal temperature could permit the suriace of tlx 
coating e.\posed 'o *lx gas to iterate it higher 
temixratures tha/i without mx coating. Ihi: 'Oul i 
provide a p'ltentlal beixfit of reducing the anow'.t 
of unburned hydrocarbons and pollutaiibS ly red iCiiu' 
the quenching of 'he combustion ’ases at 'nc xal.. 
rtx ability of tha coatinit to rxlntain a high re- 
flectivity with proloro’ad engtre o|xration is no*, 
known and needs to be investigated. 

It is importai.t to enp.iasi.ie that tlx t>e;xfltz 
jf a thermal barrier cuo'.ing ire directly relt'.ei 
to the level of heat flux throu h the u:< -oated 
hardware. As a conseque.nce, Icirtxare or poit.oi,. 
of It that are poorly cooled will not :*.ow lar -e 
benefits with a coatltu'. . r'tHi.ng-edre re'lon.t 
turblix vaixs ai.d blaoes of .-toll engines, for 
er.ample, have a phy.tleal limitation on t.ne ise il 
efiecllve cooliiu! geuBxtrle; one tnus cay rot sl'..w 
large benefits with a thermal borrier c^atil^;. 

Application of theniAl burner 'oafings >o 
existing hardware could Unit tin* p.otentlti bene- 
fits ana could Impxse aerodytid..lc locdcs bd-.'uu c 
increaced trailii. -wu.'e tnlcit'.ess, goat.i.g bene- 
fits can be.t lx maximized wlxu li.e uoat.r.g li 
te*ratel into an crigli.al ic..i. ■.. Ihe tu.ed xti. -nl 
of the coating increases the stress le el In r ' .1- 
Irw; parts, which nay li.mlnlil. so;i- of the i-Jt -rtl .. 
teiieflts of the coat.. a,. 

Althou.'h tha le. uits dbt'i.v 1 • i-o o . j>d n n . 
m^re lexLl:.,’ is requlie i it 'he : 1. h a. .r . ir." 
an. high It-inerature coiiuit. . s d' adwi.ti - ru 
engines, where tlx coatii. rsi, c csreci- .il^ -u - 
ceptible to (article erosion. -rr ■sloh. ." r; - 
tlon, tlxrmal iati. uu. and thenuu sl.n'r.. 

g'sni'iarv of M . uli ." 

The foliowliii' ;u-u tlx re.'dl- -f 
evaluate *he .oatln,' in uia'l'i' aruii a* r - 
lyi.amic jci iom oi'.a;. .uj -ib .1 ty. c 1 . 1 - of .al i- 

latloiis nvi X tn show tin: ( otontiul bcixlit.! ui t • 
coatiiu:. 

1. The zlr'onln coa' in.' i-ccuced the te i ur< , 
BldC(an leadliii*-'* I e kutp netal ’cmii iaturo it ih< 
re.eor:h cngltx by 1 m . fr «■ U>:s. K •■jr 'he u: - 
coated voix to •(■•o iC lor the coated vnix. .1.1. 
reduction compare i well w.th aiinly. is. Kn.'lix l-ir- 
bin’ irdcb tcmferalujc, | res sure ani •■o-U-int-b' - as 
flow ratio were i- 44 K, '.0 atmospheres, am o.'- 
resfectlvely. 

2. Iksoothlng the surface of the cer'anic coat- 
ing markedly reduced the aerodynanic loss. At a 
1081 , tn exit C'ftl.'.al velocity ratio of about o.'i 
the xir.etlc c.-.er,^ loss voefficients were O.orL, 
O.om a.nd 0.023 for tlx rouch-coated, rmootii coatee, 
and uncoateii vanes, respectively. ■ 

3. Heductions in extol tenpxratures of an 
Implngencnt -cooled wai.e of as muen as iJO K at a 
constant coolant-to-.as flow ratio of 0.10 were 
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pradlctMd far «n kdvancdd turbln* wb«n tt 
vkM« Mr* uiuwa to b* cootad with • O.Obl o« 
Mt«r UilcknetB of clrconia. furtln* iniot t*av 
•tur* and piaaiur* Mr* 2200 K and 40 ataoaphcr**, 
r••p•ctiv•iy. 

4. Altornativaly, lari^ raductlons In both 
coolant flcM and aital wall tanperatur* war* pr*> 
dictad for coatad vanaa oparatlnn In tha advanoad 
Cora turblna. Vanaa coatad with a O.Obl'cantlnetar 
thtcknaaa of zlreonla could hav* both an aiirhtfald 
dacraaaa In coolant flow and a 110 K radxtctlon in 
oetal taaparatura coaiparad to tha uncoatad vane. 

5. A calc la>a tab 11 lead tirconla coatlna’ on 
coolad turblna vanaa and bladaa wlthatood 130 houra 
of ataadyatata oparatlon including 5S atop and 
atart cyclaa in a raaaarch erwiina at gaa taaipara* 
turaa as high as 1C44 K without datariorating. 

8. Tha coatinga on 68 bladaa (24 with yttria- 
12 with aagt«sia> and 30 with calcla>atablliEad 
zirconla) ccapletad 500. 2-siinuta cyclaa oatwean 
run powar (turblna Inlat r^oparatur* of 1844 K) 
and n.aMout (turblna Inlat tunparator* of 1000 K) 
In a raaaarch turbojet angina. 

7. Matallographlc axaminatlon of tha coatlnga 
after cyclic testing chowad that the HlCrAlY bond 
coat adhered well to tha lada wall aurfaras. How* 
evar, cracks were >iatactad in the calcia*atatilized 
zirconla coating. These cracks did not causa 
spalling of tha coating. 

6. Baaed on naterisl and processing cost and 
on tha results of the cyclic tasts. tha yttria- 
stabillzed zircor.ia coating was consldarc't tha best 
of the caramlc coatings investigated herein. 
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TABLE I. - ANALYTICAL CONDITIONS 


[ Parameter 

Turbine vane tvpe j 

1 

Advanced core cnirlne 

Reaearch engine 

Turbine -inlet gaa 

2200 

1644 

temperature, K 
1 Turbine -Inlet gai 
preeaure, atm 
Gas -aide heat tranafer 

40 

S 

coefficient, W (m^XK): 



Leading edge 

— 

2S26 

Bulk 

8S04 

1186 

Coolant -aide heat tranafer 



coefficient, W (m^KK): 


7.6*10® (w /w 
9. 6*10® (Wj/w 

Bulk 

■s.tjvio^ (w, 

Coolant temperature, K 

811 

316 

Metal wall thlckneaa, cm 

0.127 

0. 102 

Bond coatliir thlckneaa, cm 

0.0102 

0.01S2 

Ceramic coating thlckneaa, cm 

0 -O.OSl 

0 - o.ost 

1 


!• the cor>Unt-lo-gaa flow ratio. 


TABLE II. - THERMAL CONDUCTIVITY OF CERAMIC, BOND, 


AND METAL WALL MATERIALS 


Material 

Use 

Conductivity, 



Temperature 

Reference 



W/(m)(K» 

range,?, 

K 


MAR -M -302 

Melal wall 

4.9-10** T ♦ 18.0 

300 - 1360 

6 


(reaearch engine) 




MAR-M -500 

Melal wall (advan- 

S.0-10’*T* 3.7 

6B0 • 1370 

10 


red core engine) 




NIchrome 

Bond 

8.3-10'* T . 6.7 

400 - 1400 

11 

C ale la - atabil 1 zed 

Ceramic 

4.1»10‘* t ♦ 0.46 

400 - 2400 

11 


I ztrconia 
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figure 2. - Plasma spray application. 
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Coolant-to-gas flow ratio, w^ Wg 


Figure 3. * Comparison of calculated and measured midspan 
leading-edge wall metal temperatures of uncoated and 
zirconia coated turbine vanes operating in a research 
engine. Inlet gas temperature, 1644 K. inlet gas pressure, 
3 atm; coolant temperature. 319 K. 
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Figure 4. - Overall aerodynamic performance of a core turbine 
vane. 


Bulk wall metal temperature. 
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Dashed lines represent regions where 
ceramic/bond interface temperature 



(al Advanced core turbine: inlet gas temperature. 2200 K. gas pres- 
sure, dhatm; coolant temperature. 811 K. 



Zirconia coating thickne s. cm 


(bl Research engine turbine inic' ^ temperature. 16M K. gas pres 
sure. 3 atm; coolant temperafor 319 K. 

Figure 5. - Reductions in metal temperature' and cooUnt flows tor 
vanes coated with various thicknesses o# zirconia. 





Figure 7. - Ceramic coated blades after 500 cycles of testing. 
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(a) CALCIA - STABILIZED ZIRCONIA COMPOSITE, 


(b) VnRIA - STABILIZED ZIRCONIA COMPOSITE. 

Figure 8. - Microstructure of zircori'a composites on turbine blade lead 
ing edge at midspan after cyclic engine tests. X150. (Ref. 12.1 
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